The adaptive hypothesis invoked to explain why parasites harm their hosts is known as the trade-off hypothesis, which states that increased parasite transmission comes at the cost of shorter infection duration. This correlation arises because both transmission and disease-induced mortality (i.e. virulence) are increasing functions of parasite within-host density. There is, however, a glaring lack of empirical data to support this hypothesis. Here, we review empirical investigations reporting to what extent within-host viral accumulation determines the transmission rate and the virulence of vector-borne plant viruses. Studies suggest that the correlation between within-plant viral accumulation and transmission rate of natural isolates is positive. Unfortunately, results on the correlation between viral accumulation and virulence are very scarce. We found only very few appropriate studies testing such a correlation, themselves limited by the fact that they use symptoms as a proxy for virulence and are based on very few viral genotypes. Overall, the available evidence does not allow us to confirm or refute the existence of a transmission -virulence trade-off for vector-borne plant viruses. We discuss the type of data that should be collected and how theoretical models can help us refine testable predictions of virulence evolution.
INTRODUCTION
Although the availability of genomic and molecular details about specific host-parasite interactions is increasing exponentially owing to new molecular biotechnologies, our understanding of the evolution of virulence (i.e. decrease in host fitness due to parasite infection) remains fragmentary. Some pathogens cause noticeable damage to their host, and understanding the parameters underlying virulence evolution is critical for controlling human pathogens and agricultural pests and for the conservation of biodiversity. Moreover, determining the key parameters involved in virulence evolution becomes a priority when ecosystems are submitted to profound modifications such as global climatic change or increased commercial exchanges that spread parasites rapidly to new environments. More simply put, a long-standing question in evolutionary biology is 'Why do parasites harm their hosts?' An adaptive answer to this question states that while a high level of parasite replication increases the possibilities for between-host transmission, rapid replication is also likely to be detrimental to the host (i.e. to be associated with high virulence) owing to, for instance, over-exploitation of host resources by the parasite. Many models thus predict the existence of an optimal level of virulence that integrates the benefits of transmission and the cost of killing the host, which is known as the 'trade-off ' hypothesis (Anderson & May 1982; Ewald 1983; Frank 1996) . Although much debated, this hypothesis still awaits sufficient empirical data in order to be properly evaluated (Alizon et al. 2009 ). Here, we discuss the evolution of virulence of plant viruses, a group of parasites ignored by most reviews on the subject.
Viruses represent one of the most threatening types of parasites for human health and agriculture because they tend to exhibit high evolutionary rates (Froissart et al. 2005; Duffy et al. 2008) . This rapid evolution, combined with large-scale dispersal, largely explains our limited success in controlling and eradicating viruses, with a few notable exceptions (e.g. small pox virus). Despite their importance in crop yield losses and ecosystem modification, few empirical studies have focused explicitly on the virulence of plant viruses from an evolutionary point of view. Notable exceptions are two recent reviews that address this question but put more emphasis on the evolution of parasite infectivity, i.e. the ability to cause disease ( Jarosz 2002; Sacristan & Garcia-Arenal 2008) . We focus on the evolution of virulence, which, following the conventions adopted by the American Phytopathological Society (D'Arcy et al. 2001) , is defined as the degree of damage caused to a host and is usually assumed to correlate negatively with host fitness.
The biological cycles of plant viruses, whose evolution was reviewed by Garcia-Arenal et al. (2001) , are subject to two specific peculiarities: (i) hosts are not mobile during their vegetative stage and (ii) contact between hosts is rare. Since plant viruses cannot penetrate the intact plant cuticle and the cellulose cell wall, they are transmitted either vertically, or horizontally by vectors (Hull 2001 ). The latter is by far the most common transmission mode, thus our focus is on vector-borne viruses. The question we ask is the following: 'To what extent does the level of virus replication within a plant determine the virus transmission rate and the virulence to the host?' This question is important because it underlies most of the transmission -virulence trade-off hypothesis.
THEORETICAL PREDICTION OF EVOLUTION OF VIRULENCE IN VECTOR-BORNE DISEASES
Natural selection operates on the rate of parasite spread within and between hosts. In most cases, natural selection thus tends to maximize the so-called parasitic basic reproduction ratio, R 0 , which corresponds to the number of new infections generated by a single infected individual in a wholly susceptible population over the duration of the infection (but see Roberts (2007) for exceptions). In other words, R 0 is an expression of the fitness of a pathogen. In the classical Susceptible-Infected model for directly transmitted pathogens, it is given by R 0 ¼ bS/(m þ a), where S is the number of susceptible individuals, b is the transmission rate of the parasite from host to host, m is the natural host mortality rate and a is the additional host mortality rate caused by the infection-usually called virulence (Anderson & May 1982; Frank 1996; Levin 1996) .
In the case of a vector-borne disease, however, the expression of R 0 is slightly different. If we assume that the population dynamics of the vector are rapid and at equilibrium, and if we ignore clearance from the host, we have (Anderson & May 1991; Mideo & Day 2008) :
where p is the average number of vectors per plant in the population, b is the vector feeding rate (or probing rate in the case of vectors of plant viruses) per day, T is the incubation time of the parasite in the vector (i.e. the time between vector infection and the time the vector becomes infective), m p and m v are the baseline mortality of the plant and of the vector, respectively, a p and a v are the extra mortality (i.e. the virulence) induced by the parasite on the plant and on the vector, respectively, b p!v is the transmission rate from the infected plant to the vector and b v!p is the transmission rate from the viruliferous (i.e. carrying virus) vector to a healthy plant. Finally, y is viral accumulation in the vector and x the viral accumulation in the plant. We present a relatively general case where many components of R 0 depend on viral accumulation, but this is not necessarily the case. This is summarized in figure 1. In this formalism it is assumed that viral accumulation is at least partly determined by viral genotype. The trade-off hypothesis rests on two key assumptions: (i) that increasing viral accumulation increases virulence and (ii) that increasing viral accumulation increases virus transmission to another host. This dependency is indicated in equation (2.1) with an x or a y in brackets. The direct consequence of these two assumptions is that a virus genotype with high accumulation rates will benefit from increased transmission (b p!v Â b v!p ), but will suffer from a shorter infection period owing to rapid host and vector death (a p and a v ). In other words, the pleiotropic effect of the accumulation rate generates a transmissionvirulence trade-off such that it is not possible to maximize transmission rate and the duration of the infection simultaneously. In the following, we present the evidence for such correlations between accumulation rate and virulence and transmission.
If we assume that parasite strains vary with respect to their accumulation rates (x and y), then this implies that these strains will also have different R 0 , i.e. different fitnesses at the between-host level. Theory predicts that the strain with the highest R 0 is evolutionarily stable and will invade the population (Anderson & May 1982) . It can be shown mathematically that an optimal strategy associated with a finite non-zero virulence exists if virulence increases more rapidly than transmission with viral accumulation (Anderson & May 1982; Ewald 1983; Alizon et al. 2009 ). Note that, in the case of vector-borne diseases, other components of R 0 , such as the vector feeding rate or the incubation time, may depend on viral accumulation in the vector. This means that the trade-off and the existence of an optimal strategy could also occur through other pleiotropic effects of the viral accumulation rate. More generally, the optimal level of virulence is determined by how the variables affecting R 0 depend on the accumulation rate.
Notwithstanding that the trade-off hypothesis is a cornerstone of the theory of virulence evolution, empirical data are scarce. Arguably the major difficulty that could explain the lack of evidence originates from the estimation of the transmission rate. This is maybe why several of the studies that manage to measure the correlation between parasite density and virulence and parasite density and transmission are based on vectorborne diseases, because transmission success to the vector can be estimated experimentally. Studies on rodent malaria (Mackinnon & Read 1999) or on myxoma virus in rabbits (Dwyer et al. 1990) found that parasite density was positively correlated to both virulence and transmission. Analyses by Dwyer et al. (1990) and Bolker et al. (2010) also indicate that there is an optimal level of virulence for the myxoma virus. However, studies on rodent malaria have failed to go beyond a mere correlation between virulence and transmission and find an optimal virulence (see Mackinnon & Read 1999 for a review). Maybe this is because the second part of the parasite life cycle (in the vector) plays an important role. Another possibility to bypass the difficulty to estimate transmission is to consider spore-producing pathogens. De Roode et al.
(2008) studied a protozoa infecting the monarch butterfly and showed that parasite load was positively correlated with transmission to the offspring and with virulence. They also showed that there is a spore load that maximizes the infection fitness (or R 0 ), which indicates an optimal virulence. Jensen et al. (2006) showed that the total number of spores produced during an infection of Daphnia magna by the bacteria Pasteuria ramosa is maximized by intermediate virulence. However, because they did not explicitly investigate the correlations between parasite load and virulence or transmission, their result cannot be viewed as a direct test of the trade-off hypothesis. Finally, as far as we are aware, the only directly transmitted parasite for which these relationships have been addressed is HIV: Fraser et al. (2007) found that set-point viral load was positively correlated with virulence and with transmission and that there was an optimal virulence (which corresponds to what is observed in vivo). Several reasons can explain that some studies 'only' showed that virulent genotypes tend to be more transmissible but were unable to reach a conclusion regarding the existence of an optimal virulence (e.g. Mackinnon & Read 1999) . For instance, even if variation in virulence is obtained by considering different parasite genotypes, host variability can blur the trade-off relationship making it difficult to determine the optimal virulence. Also, important variations in virulence can occur during the growing phase of an epidemic, which further contributes to blur the trade-off relationship for emerging pathogens (Bolker et al. 2010) . Finally, the trade-off hypothesis is often criticized through some cases where virulence is clearly not adaptive for the parasite (Levin & Bull 1994) . However, these cases can usually be understood through within-host competition (a virulent strain is favoured within a host but disfavoured between hosts). The fact that other processes, in addition to the trade-off, govern virulence evolution does not invalidate the trade-off hypothesis in itself. Overall, the scarcity of empirical data seems to be the main problem and it should be taken as a motivation for the collection of further evidence.
VIRAL ACCUMULATION VERSUS TRANSMISSION RATE
Transmission rate is measured as the percentage of plants that become infected after inoculation of viral particles by vector(s) that have fed previously on infected plants. Typically, experimentalists measuring transmission rates allow vectors to acquire viruses from an infected plant before placing one (or a group) of viruliferous vectors on healthy plants. Viral accumulation is measured as viral load in infected leaf extracts, quantified mainly through techniques involving (i) antibodies targeting viral proteins (ELISA, western blot, etc) or (ii) detection of viral nucleic acids (real-time PCR, northern or Southern blot, etc). In order to obtain a correlation between viral accumulation and transmission rate, researchers need to vary the viral quantity acquired by vectors. To our knowledge, this has been achieved by four procedures. In a first procedure (denoted 'in vitro' in table 2), virions are purified from infected plants and diluted in an artificial diet medium. Vectors trapped in a feeding cage covered at one end by a stretched parafilm membrane are then fed with different dilutions of virions (Pirone & Megahed 1966; Gera et al. 1979; Pirone 1981; van den Heuvel et al. 1991; Ng et al. 2004; Ng & Falk 2006) . Following acquisition feeding, vectors are transferred to uninfected plants for subsequent inoculation. The remaining procedures are denoted as 'in planta' in table 2. In a second procedure, vectors are allowed to acquire viral particles on different host genotypes varying in their resistance levels to the virus (Romanow et al. 1986; Gray et al. 1993 Gray et al. , 1994 Lapidot et al. 2001; Wintermantel et al. 2008) . A third procedure consists of allowing vectors to feed on infected leaves of different ages harboring different levels of virus accumulation (Gray et al. 1991; van den Heuvel et al. 1991) . In a fourth procedure, vectors are allowed to acquire viral particles on plants harboring different levels of viruses owing to differential growth conditions (De Bokx et al. 1978; Dusi & Peters 1999) or viral genotypes differing in their accumulation (Banik & Zitter 1990) .
A substantial part of the phytopathological literature deals with studies on the phenotypic expression of point mutation(s) introduced in vitro into infectious viral clones or isolated randomly from a viral population (for a review, see Blanc 2008) . Results from such 'engineered' viruses provide us mostly with information concerning molecular mechanisms involved in transmission. They also reveal the phenotypic effects of mutations prior to any action of natural selection in the wild. They can thus inform us on whether a particular type of relationship between, e.g. viral
Review. The trade-off hypothesis in plant viruses R. Froissart et al. 1909 accumulation and transmission is 'hardwired' and arises necessarily owing to genomic constraints. Interestingly, studies reporting the effect of one or few mutation(s) do not show a positive correlation between transmission and viral accumulation. For instance, different mutations induce a loss of transmission associated with a decrease, an increase or no modification in viral accumulation (Gera et al. 1979; Bruyère et al. 1997; Escriu et al. 2000a,b; Gal-On 2007) . We now turn to studies based on viral populations collected in the field.
Transmission of vector-borne plant viruses is achieved through different routes depending on virus genera. Modes of transmission are briefly summarized below and in table 1 and figure 2 (for reviews, see Gray & Banerjee 1999; Ng & Falk 2006; Hogenhout et al. 2008) . The studies reviewed here on the relationship between viral accumulation and transmission are summarized in table 2. We discuss modes of transmission because these are likely to impact the overall transmission rate (b p!v and b v!p ) and thus potentially affect the evolution of virulence.
Some viruses interact only with the vector's exterior mouth parts (e.g. stylets-the outermost needle-like mouth parts of aphids and other piercing-sucking insects); in such cases, transmission is termed 'noncirculative' (Harris 1977) . The time between the acquisition of such a virus by a vector from an infected plant and inoculation to another plant ranges from minutes (e.g. CMV) to hours (e.g. BtMV) and even, exceptionally, years (nepoviruses are retained in nematode mouth parts; Demangeat et al. 2005) . No transmission occurs after viruliferous vectors have transmitted all the viral particles retained in their mouth parts (Yuan & Ullman 1996; Kalleshwaraswamy & Kumar 2008) . The period during which vectors remain viruliferous is very short. This is due partly to the fact that most viral particles are lost (and thus never transmitted) a few minutes after the acquisition period even without feeding behaviour (Palacios et al. 2002; Kalleshwaraswamy & Kumar 2008) . These findings also indicate that few viral particles are retained and inoculated by vectors in the case of non-circulating viruses (Ali et al. 2006; Moury et al. 2007; Betancourt et al. 2008) .
Another group of viruses 'circulate' through the insect haemocoel and reach the salivary glands, allowing them to be inoculated to new plants without reproducing within the vector. Such viruses seem to hijack a constitutive endocytosis -exocytosis mechanism without greatly perturbing cell metabolism (Hogenhout et al. 2008; Brault et al. 2010) . To be transmitted, these viruses require a relatively long acquisition time compared with non-circulative viruses (ranging from hours to days) and a latent time, i.e. the time necessary for viral particles to enter the haemocoel from the gut and migrate to the salivary glands, ranging from hours to days. Contrary to viruses transmitted in a non-circulative manner, the time period during which vectors remain viruliferous depends on the vector lifespan and on the amount of viral particles ingested, which is positively correlated to acquisition time (van den Heuvel et al. 1991; Reynaud & Peterschmitt 1992 ) and viral accumulation in planta (Chen & Gilbertson 2008) .
Finally, a variant of the previous mode of transmission is 'circulative -propagative' transmission, where the virus replicates in the vector (e.g. TSWV). For some of these viruses, transovarial transmission to vector offspring has been described (e.g. MStV; Gray et al. (1991) propagative replication within the vector
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minutes to a few hours days to weeks vector lifespan Mehta et al. (1994) a Exception: Nepovirus. (in press). Ammar et al. 1995) . Acquisition of viral particles by vectors can be achieved after a few minutes of feeding on an infected host plant (TYLCV; Mehta et al. 1994; Czosnek et al. 2001) . However, inoculation of ingested viruses to another plant will occur only after a latent period, which, depending on virus genus, varies from 24 h (TYLCV; Mehta et al. 1994 ) to more than one week (MStV; Ammar et al. 1995) . As with viruses transmitted in a circulative manner, the period during which vectors remain viruliferous depends on vector lifespan. The main difference between circulative and propagative viruses is that, in the latter case, virus load in the vector increases during the first weeks following infection because of virus replication in the vector. Finally, the transmission rate tends to decrease as vectors get older, probably owing to modification of their feeding behaviour (TYLCV; Czosnek et al. 2001) . Notably, TYLCV represents a special case in classification, since it is usually considered to be transmitted in a circulative manner (Hogenhout et al. 2008 ) but has been shown to replicate within its vector (Czosnek et al. 2001) . Inspection of table 2 shows that, in all cases, the correlation between viral accumulation and transmission, be it b p!v , b v!p or the overall transmission rate (b p!v Â b v!p ), is positive. This contrasts with the results on 'engineered' viruses where no correlation between viral accumulation and transmission rate arises, indicating that the positive correlation observed in field samples does not result from genomic constraints. Clearly more relevant studies are needed, especially for the circulative and propagative transmission modes.
VIRAL ACCUMULATION VERSUS VIRULENCE
In the case of vector-borne diseases, parasite density can affect virulence in both the host a p (x) and the vector a v (y). In the following section, we report empirical evidence on the correlation between viral accumulation and virulence in both plant and vector. Note that virulence here is estimated through disease-induced mortality. In this, we follow the majority of studies, because fitness components other than survival do not directly affect the R 0 of a horizontally transmitted parasite. Some of the studies we discuss report the effects of virus infection on a host fitness component that might be correlated with host survival, and therefore these studies should be interpreted with caution.
(a) Effect of viral accumulation on components of plant fitness We searched for empirical studies reporting both viral accumulation and accurate measures of components of virulence (i.e. related to survival rate) for several viral genotypes infecting (at least) one host genotype. As for transmission phenotypes, a large number of studies consider the phenotype resulting from point mutation(s) introduced in vitro or isolated randomly from viral populations. Reports yield conflicting results. Viral clones differing by only one point mutation present contrasting phenotypes: some studies report a negative correlation between viral accumulation and the dry weight of the host plant (Poulicard et al. 2010) . For some other viral mutants, higher accumulation is associated with phenotypes ( Jarosz & Davelos 1995; Zaitlin & Hull 2003) , it should be remembered that symptoms might not always be a good proxy, especially when host species harbour genes involved in parasite tolerance (Hoffman & Kolb 1998) . Even if no general trend arises from results concerning viral mutant genotypes, such studies demonstrate the existence of variation in the relationships between viral accumulation and virulence or symptom severity. Unfortunately, studies that reported the phenotype of natural isolates often measured only virulence (Yahara & Oyama 1993; Lapidot et al. 1997; Maskell et al. 1999; Funayama-Noguchi 2001; Malmstrom et al. 2005 Malmstrom et al. , 2006 or viral accumulation (Fargette et al. 1987; Llamas-Llamas et al. 1998; Thurston et al. 2001; Untiveros et al. 2007; Wintermantel et al. 2008) of one viral isolate in one or several host genotypes in different environments. To our knowledge, only a handful of studies have measured both phenotypes concomitantly for several viral natural isolates after individual inoculation of one host genotype. These studies estimated withinhost viral accumulation induced by several natural isolates, some inducing mild, some intermediate and some severe symptoms. Several host-virus interactions exhibited positive correlations: PNRSV-Rosa indica (Moury et al. 2001) , RYMV-Oryza sativa japonica cv Azucena (Fargette et al. 2002) , CMV infecting Nicotiana glutinosa or N. tabacum (Shi et al. 2002) or Cucumis sativus (Banik & Zitter 1990) , PRSV infecting Cucurbita pepo or Citrullus lanatus (Pacheco et al. 2003) , BSV-Musa accuminata (Dahal et al. 1998) . The relative limitation of these studies comes from the fact that only a few isolates are tested, and, as mentioned previously, symptoms may not be a good proxy for host survival. One of the reasons explaining the scarcity of suitable studies is that sometimes the relationship was not investigated at the level of the relevant virulence components for horizontally transmitted parasites, e.g. those linked to duration of infection. For instance, several studies looked at the relationship between fecundity and viral accumulation.
Moreover, the relationship between viral accumulation and virulence may be obscured by potential heterogeneity of the hosts with respect to interactions with pathogens. Indeed, plants can be resistant, tolerant and/or susceptible to parasite infection. Resistance is the ability of the host to limit parasite burden, and tolerance is the ability to limit the harm caused by a given burden (Cooper & Jones 1983) . Heterogeneity in host plants with respect to tolerance/resistance may blur the correlations between viral accumulation and either virulence or transmission. For instance, interactions between PNRSV-Prunus spp. (Moury et al. 2001) and PRSV-Cucurbita mochata (Pacheco et al. 2003) did not lead to any correlation, probably because some viral isolates accumulated to a high titre in plants, but induced only few or no symptoms. This poses an important methodological problem, as discussed further in the last section.
Empirical data supporting the existence of a correlation between within-host viral accumulation and virulence are scarce. The few studies mentioned above indicate the existence of a positive correlation between virulence and viral accumulation, but of course many more studies, as well as studies looking more directly at the relevant virulence parameters, are needed before a general conclusion can be reached. The effect of host heterogeneity on resistance/tolerance mechanisms and the nature of the observed relationship between viral accumulation and virulence deserve further study.
(b) Effect of viral infection on the vector
The only studies we found on this subject report the qualitative effects of viral infection on transmission through modification of vector behaviour/physiology.
Vector mobility certainly plays a role in the variation of the contact rate between vector and host, thus affecting the probability of virus transmission (Fereres & Moreno 2009 ). Such variation in mobility has been reported for vectors infected by a circulative virus: these insects exhibit more movement around experimental arenas than uninfected controls, causing a slight increase in the number of infected host plants (Hodge & Powell 2008) . Interestingly, enhanced plant penetration by aphid stylets was observed on symptomatic virus-infected plants compared with healthy plants (Alvarez et al. 2007 ). Moreover, it has long been known that aphids are significantly attracted by yellow (Doring et al. 2009 ) and that some plant viruses induce symptoms resulting in chlorosis, mosaics or other modifications that lead to yellowing of the leaves. Aphids have been shown to prefer to land and settle on virus-infected plants with yellowing leaves, possibly owing to the fact that insect vectors use visual cues to choose suitable plants (Fereres et al. 1999; Hodge & Powell 2008) . Insect vectors also choose plants in response to olfactory cues, and the composition of the volatile organic compounds emitted by the leaves of some plants has been shown to change when the plant is infected by viruses (Ngumbi et al. 2007; Medina-Ortega et al. 2009 ). These changes can be more or less pronounced. For instance, plants infected by a circulative virus tend to attract their aphid vectors more than plants infected either by non-circulative viruses or by non-vectored viruses or healthy plants (Eigenbrode et al. 2002) . However, this pattern seems to depend on the hostvirus interaction, since no such differences were observed on other plants and virus species (Castle et al. 1998; Hodge & Powell 2008) .
For several plant virus vectors reared on infected plants, studies have shown an increase in components of vector fitness such as survival or fecundity (Hunt & Nault 1990; Blua et al. 1994; Mayer et al. 2002; Belliure et al. 2005; Maris et al. 2007; Sisterson 2008) . Such increases result from various mechanisms. In one case, they were due to reduced developmental time of larvae reared on infected plants, which resulted in a shorter period of vulnerability to predation (Belliure et al. 2008) . In other cases, the increase was due to the fact that infected plants had increased amino acid contents in phloem sap and decreased honeydew production compared with healthy plants (BYDV, Ajayi 1986; ZYMV, Blua et al. 1994) . The latter interpretation is reinforced by the fact that vectors exhibited increased fitness when reared on plants infected by non-vector-borne viruses compared with when reared on healthy plants (Hare & Dodds 1987; Musser et al. 2003) . Increased performance of insects reared on some virus-infected plants might thus be due to better availability of nutrients in infected plants. Such effects, however, are not universal, and decreases in vector fitness owing to infection have also been reported (Ellsbury et al. 1985; Power 1992; Sinisterra et al. 2005; Inoue & Sakurai 2006; Hodge & Powell 2008; Matsuura & Hoshino 2009) .
Previous studies indicate that vectors settle preferentially on infected plants because of visual or olfactory cues expressed by these plants. Some virus -host interactions lead to an increase in some components of vector fitness. Moreover, infected vectors tend to exhibit increased mobility, which should lead to increase feeding rates. All these processes enhance vector-borne virus transmission, leading to the modification of the basic reproduction ratio R 0 (see McElhany et al. (1995) for discussion). Unfortunately, data currently available do not allow us to detect the potential differential effects of viral transmission modes.
CONCLUDING REMARKS
Understanding why parasites harm their hosts is an old question in evolutionary biology. Arguably, one of the most appealing answers comes from the trade-off hypothesis, which states that parasite transmission and virulence are correlated, such that increased transmission leads to shorter infection times (Anderson & May 1982; Ewald 1983 ). This correlation arises because both transmission and virulence are increasing functions of parasite within-host density.
In the present review, our aim was to investigate whether existing empirical evidence supports the hypothesis that virulence and transmission of vectorborne plant viruses are linked through a common variable, i.e. within-plant viral accumulation. On the one hand, all studies that have looked at the correlation between within-plant viral accumulation and transmission rate, or one of its components, found a positive relationship (table 2) . Undoubtedly, more studies are needed on this issue, especially on circulative and propagative viruses; however, the unanimity of positive correlations suggests that this relationship will most probably be confirmed. We were surprised by the paucity of studies on the relationship between viral accumulation and virulence components relevant for testing the trade-off hypothesis. The few studies we identified suffer from their own limitations: disease symptoms were used as a proxy for virulence, and the number of isolates studied was small. The existence, or not, of this correlation thus remains unresolved. At present, we can say only that the existing evidence supports the first part of the trade-off hypothesis, i.e. the correlation between transmission and within-host accumulation, but is inconclusive as to the second part, the virulence -within-host accumulation correlation. Consequently, we cannot conclude whether the trade-off hypothesis holds or not in plant viruses.
It is important to realize that testing the trade-off hypothesis implies more than 'simply' establishing the two correlations discussed throughout this paper. One must also show that an optimal virulence level indeed exists. Theory predicts that if both virulence and transmission increase linearly with viral accumulation, virus populations should evolve towards ever higher levels of virulence. As mentioned in §2, an optimal virulence level is evolutionarily stable only if the rate of increase of virulence with viral accumulation is faster than the rate of increase of transmission with viral accumulation. This is difficult to validate in most host-parasite systems (Alizon et al. 2009 ). In the case of vector-borne plant viruses, a promising option would be to try to show that the transmission rate saturates for high virus accumulation rates within the plant because of the limitation introduced by the vector (Alizon & van Baalen 2008) . Such a saturating transmission function combined with, for example, linearly increasing virulence would lead to an intermediate optimal level of viral accumulation.
When addressing this issue, it is thus important to measure all three key parameters (viral accumulation, virulence and transmission) concomitantly for several viral isolates on the same host plant genotype. We feel it is important to clarify two points. The first relates to the relevant virulence components one needs to measure, and the second to the potential effects of host heterogeneity.
Virulence components relevant for testing the trade-off hypothesis are components that directly affect parasite fitness. For horizontally transmitted parasites, such components should typically be related to the duration of the infection, as this determines the time during which the parasite can be transmitted. Host survival is an obvious trait relevant to the duration of infection. In contrast, host fecundity is, a priori, not directly relevant, except if it is linked to survival through a survival-reproduction trade-off. Obviously, fecundity would be a trait directly relevant for vertically transmitted parasites.
Host heterogeneity for tolerance/resistance may strongly affect the virulence -accumulation correlation. Resistance (by definition) affects viral accumulation: if a parasite replicates less in one host genotype than in another, then the former can be said to be more resistant. Tolerance affects the relationship between virulence and accumulation: one host genotype is said to be more tolerant than another if it suffers less from infection, i.e. if virulence is lower, for a given parasite load (Raberg et al. 2009 ). Comparisons of the correlations between virulence, accumulation and transmission across hosts differing in resistance do not pose any specific problem for testing the trade-off hypothesis: resistance should affect Review. The trade-off hypothesis in plant viruses R. Froissart et al. 1913 directly only accumulation, and, if the trade-off hypothesis holds, more resistant plants should have lower viral loads, lower transmission and lower virulence than less resistant plants. Variation in tolerance across plants would not pose a problem in measuring the accumulation -transmission correlation, assuming that transmission depends only on accumulation (and not on virulence, for example). It would pose a problem for measuring the accumulation -virulence correlation, however, since, by definition, tolerance affects this relationship. Thus, ignoring such variations in tolerance may mask positive correlations. Therefore, it should be realized that measuring this correlation across plants of different tolerance levels would not be an appropriate test of the trade-off hypothesis. The existence of resistance/tolerance presents no challenge to the trade-off hypothesis per se. When such variation exists, it should be acknowledged. The trade-off could be tested by controlling for the level of resistance/tolerance. For example, one could compare the virulence of different viral isolates that reach different accumulation levels on hosts with a known level of tolerance.
The correlation between viral accumulation, transmission rate and virulence also calls for more theoretical approaches. One possibility would be to investigate how the mode of vector-borne transmission (propagative, circulative or non-circulative) can affect the evolution of virulence. For instance, a key difference would be that, in the case of a virus transmitted in a propagative manner, once a vector is infected, it remains viruliferous until it dies. In the case of a virus transmitted in a circulative manner, however, the period during which a vector remains infected is likely to be correlated with the amount of virus it ingests. Finally, for viruses transmitted in a non-circulative manner, very few viral particles are retained in vector mouth parts, and particles are lost very quickly. These biological facts can be expressed mathematically by varying the transmission function. We believe that such differences in life cycles should lead to different expressions of R 0 and thus to different predictions in terms of optimal virulence levels.
Transmission modes of vector-borne animal viruses share some similarities with plant viruses. In fact, vector transmission of animal viruses falls into two classes: 'mechanical' and 'biological'. Mechanical transmission does not involve any replication inside the vector and is exemplified by, for instance, myxoma virus (Barcena et al. 2000) or lumpy skin disease virus (Chihota et al. 2003) . Transmission success seems to be vector-specific as some vector species failed to transmit lumpy skin disease virus in recent studies (Chihota et al. 2003) , although they were able to transmit other pox viruses (Mellor et al. 1987) . This specificity for successful transmission strikingly resembles the case of non-circulative transmission in plant viruses. Biological transmission implies reproduction inside the vector, which applies to the vast majority of vector-borne vertebrate-infecting viruses (arboviruses), which are responsible for a number of severe diseases in humans (yellow fever, dengue, various encephalitides, etc.) and livestock (West Nile encephalomyelitis, Rift Valley fever, vesicular stomatitis, etc.). When the characteristics of these viruses are compared with those of plant viruses, several common features appear between all the latter viruses and plant viruses with a circulative -propagative mode of transmission. Further investigations of the parallels between vector-borne animal and plant viruses concerning the correlation between viral accumulation, transmission rate and virulence could be particularly helpful in revealing general patterns for such diseases. Finally, the circulative transmission mode seems to be a distinctive feature of plant viruses. Understanding why this is the case may help us understand how viruses colonize and exploit vectors to increase their transmission.
List of viral acronyms: banana streak virus (BSV, Badnavirus), barley yellow dwarf virus (BYDV, Luteovirus), beet mild curly top virus (BMCTV, Curtovirus), beet mosaic virus (BtMV, Potyvirus), beet severe curly top virus (BSCTV, Curtovirus), cucumber mosaic virus (CMV, Cucumovirus), lettuce infectious yellows virus (LIYV, Crinivirus), maize streak virus (MSV, Mastrevirus), maize stripe virus (MStV, Tenuivirus), papaya ringspot virus (PRSV, Potyvirus), potato leafroll virus (PLRV, Polerovirus), potato virus Y (PVY, Potyvirus), prunus necrotic ringspot virus (PNRSV, Ilarvirus), ribgrass mosaic virus (RMV, Tobamovirus), rice yellow mottle virus (RYMV, Sobemovirus), tomato chlorosis virus (ToCV, Crinivirus), ryegrass mosaic virus (RMV, Rymovirus), tomato infectious chlorosis virus (TiCV, Crinivirus), tomato spotted wild virus (TSWV, Tospovirus), tomato yellow leaf curl virus (TYLCV, Begomovirus), turnip mosaic virus (TuMV, Potyvirus), watermelon mosaic virus (WMV2, Potyvirus).
